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SPECTRAL CHARACTERISTICS
OF LOW-ANGLE RADAR GROUND CLUTTER

ABSTRACT

A detailed analysis of low-angle ground clutter spectral
characteristics was carried out using the MIT Lincoln LabdratoryPhase I
data and the DREO S-band clutter data. Both the fast Fourier transform
and a super-resolution spectral analysis technique were used. Results
showed that a ground-clutter spectrum comprises three components,
namelyi (a) a coherent component, fb. a slow-diffuse component and {c) a--
fast-diffuse component. Both the coherent component and the slow-diffuse
component may be modelled as a symmetrical negative exponential density
function. The fast-diffuse component may be modelled as a band-limited
noise. Model parameters included the spectral slopes, the spectral density
at zero-Doppler, and the cutoff frequency of the fast-diffuse component.
The spectral slopes of the slow-diffuse component at various wind speeds
have been calculated from the clutter data. The spectral densities of the
various components were inter-related through wind speed and land cover.
These parameters can be determined statistically from the clutter coherence
factor for various land covers and wind speeds. -The-results of this analysis
provided additional insights into ground clutter and can be used to develop
signal processing techniques for improved low-velocity target detection in
ground-clutter limited environment. ?
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R,6sum6

Nous prdsentons une analyse d~taill&e des caract~ristiques spectrales
du fouilis de sol vu i basse altitude. Les donn6es utilis~es provienneut du
"MIT Lincoln Laboratory" et du ORDO, qui a recuelli ces donn~es dans la
bande S. Nous employons une technique super-rksolutive et la transform~e
de Fourier rapide. Les r~sultats montrent que le spectre comprend trois
parties, clest-A dire: a) une composante coh~rente, b) une composante
diffuse-lente et c) une composante diffuse-rapide. La composante coh~rente
et la composante diffuse-lente peuvent ktre repr~sent~es par une densit6
exponentielle. La composante diffuse-rapide peut dtre repr~sent~e par un
bruit i bande itroite. Les param~tres du mod~le indiquent les pentes du
spectre, la densit6 spectrale i la fr~quence Doppler nulle et la fr~quence de
coupure de la composante diffuse-rapide. Nous calculons aussi les pentes du
spectre pour la composante diffuse-lente versus diffirentes vitesses du vent.

Les densit~s spectrales des diff6rentes composantes se relient lorsqu'on
consid~re les facteurs tels la vitesse du vent et la vdg~tation. Ces param~tres
peuvent dtre d~termin~s statistiquement i partir du facteur de coherence du
fouiluis pour diff~rentes v~g~tations et vitesses de vent. Les r~sultats de
l'analyse am~liore notre connaissance du fouillis de sol et peuvent dtre utilis~s
pour d~velopper des techniques de traitement du signal en vue d'am~liorer la
dktection de cibles lentes dans un environnement avec fouillis de sol limit6.
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EXECUTIVE SUMMARY

The performance of ground-based radars is affected by the spectral
characteristics of ground clutter. Most signal processing algorithms designed to enhance
detection performance are Doppler-frequency--sensitive. Some examples are the moving
target indicator filter, Doppler processor and coherent clutter map. The performance of
these signal processors deteriorates as the spectral width of the observed clutter increases.

The spectral spread of the clutter process observed in a given radar resolution cell
is a consequence of the motion of objects relative to the radar platform. This could be
caused by targets of opportunity such as automobiles or birds moving in the resolution
cell. However, in most instances, it is wind-induced. Vegetation and tree leaves move
even in a light breeze. Heavy objects and semi-rigid structures such as hydro wires and
large tree branches can have limited movement in moderate to strong winds. Thus the
clutter spectrum will depend on the radar frequency and site environment parameters
such as land-cover and wind velocity.

In this work, we carried out a comprehensive spectral analysis of low-angle ground
clutter, using the MIT Lincoln Laboratory Phase I data and the DREO S-band clutter
data. Both the fast Fourier transform and a super-resolution spectral analysis technique
were used. Results showed that a ground-clutter spectrum comprises three components,
namely, (a) a coherent component, (b) a slow-diffuse component and (c) a fast-diffuse
component. Both the coherent component and the slow-diffuse component may be
modelled as a density function that decreases symmetrically and exponentially on each
side of the zero-Doppler frequency. The fast-diffuse component may be modelled as a
band-limited noise. Model parameters included the spectral slopes, the spectral density
at zero-Doppler and the cutoff frequency of the fast-diffuse component. The spectral
slopes of the slow--diffuse component at various wind speeds had been calculated from the
clutter data. The spectral density of the various components were inter-related through
wind speed and land cover. These parameters can be determined statistically from the
clutter coherence factor for various land covers and wind speeds. The results of this
analysis have provided additional insights into ground clutter and can be used to develop
signal-processing techniques for improved low-velocity target detection.
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1. Introduction.

The performance of ground-based radars is affected by the spectral characteristics
of ground clutter. Most signal processing algorithms designed to enhance detection
performance are Doppler-frequency-sensitive. Some examples are the moving target
indicator (MTI) filter [1], Doppler processor [2], and coherent clutter map (3]. The
performance of these signal processors for low-Doppler targets deteriorates as the spectral
width of the observed clutter increases.

Spectral behaviour of ground clutter has received less attention from radar
researchers compared with other characteristics such as temporal and spatial amplitude
statistics. Traditionally, clutter problems are treated by employing filters or cancellers.
These filters usually have fixed band-pass characteristics. Targets whose Doppler is close
to that of the clutter are also attenuated, thereby reducing their detection probability and
resulting in the so-called blind-speed regions.

In the analysis of ground clutter it is sometimes convenient to assume that its
spectrum has a simple analytical form such as a Gaussian spectral-density function. One
can characterize a Gaussian ground-clutter spectrum centred about zero-Doppler by a
single parameter, the 3 dB spectral width. Detailed analysis of data collected from
ground-based radars revealed that the ground clutter spectrum is highly composite.
There are several spectral components which have significantly more power than the
receiver noise. Signal processing techniques developed based on only one spectral
component may not perform as expected if other spectral components with significant
power are not taken into consideration. It is therefore essential that we identify the
various spectral components of clutter and evaluate their relative significance in terms of
signal processing.

The spectral spread of the clutter process observed in a given radar resolution cell
is a consequence of the motion of objects relative to the radar platform. This could be
caused by targets of opportunity such as automobiles or birds moving in the resolution
cell. However, in most instances, it is wind-induced. Vegetation and tree leaves move
even in a light breeze. Heavy objects and semi-rigid structures such as hydro wires and
large tree branches can have limited movement in moderate to strong winds. Thus the
clutter spectrum will depend on the radar frequency and site environment parameters
such as land cover and wind velocity.

This report presents the spectral analysis of ground clutter for different bands of
radar frequency. In Section 2 we describe the data used in the spectral analysis. We
employed both the conventional Fourier analysis and a super-resolution spectral analysis
technique. Because of the relatively short observation time employed in some of the data,
we found that super-resolution spectral estimation techniques were more suited for their
analysis than the fast Fourier transform (FFT) method. A brief background on the
maximum entropy spectral estimate (MESE) is given, and the particular procedure
designed to bring out the spectral characteristics of ground clutter from short time series
is described.

Section 3 presents the spectral analysis results. We summarize the observed
ground-clutter spectral characteristics and correlate them with radar and site
environment parameters. In section 4, we present conclusions on the spectral
characteristics of low-angle ground clutter and outline signal-processing schemes for
improving low radial-velocity target detection.



2. Ground-clutter data base and spectral analysis.

2.1 Ground-clutter data for spectral analysis.

Our data for spectral analysis came from two sources. The first was the MIT
Lincoln Laboratory's Phase I ground-clutter data base[4]. The second was the Defence
Research Establishment Ottawa (DREO) S-band phased-array radar.

2.1.1 The MIT Lincoln Laboratory Phase I Data Base.

The MIT Lincoln Laboratory Phase I [5] was an extensive program of
ground-clutter data collection, analysis and modelling. The equipment employed
included a mobile coherent radar, a multi-frequency antenna assembly, a versatile
data-acquisition system and a fleet of tractor-trailers for transporting the facility. The
essential characteristics of the Phase I facility is summarized in Table I.

Table I: Technical characteristics of the NIT Lincoln
Laboratory Phase I radar facility

Frequency 165 MHz 430 1Hz 1250 IHz 3400 MHz 9100 MHz

Antenna
Azimuthal 130 50 30 10 10
Beamwidth %

Waveform High Resolution: 36 m High Resolution: 15 m
Resolution Low Resolution: 150 m Low Resolution: 150 m

Polarization Vertical Transmit/ Vertical Receive
Horizontal Transmit/ Horizontal Receive

PRF 500 to 4000 Hz

Using the Phase I radar facility, Lincoln Laboratory personnel collected and
cribrated ground clutter data from many U.S. and Canadian sites for all combinations of
frequency bands, polarization and waveform resolution. These data were collected
primarily in three modes: (i) SURVEY mode, (ii) REPEAT mode and (iii) HOP mode.

The SURVEY data were recorded with the antenna scanning at a maximum
velocity of 3o/sec. With a scanning antenna, the successive returns of a transmitted pulse
train are slightly displaced in azimuth. Consider an azimuthal sector the size of the
antenna azimuthal beamwidth. The number of pulses which can be transmitted during
the time the antenna moves from one side of the azimuthal sector to the other is called
"hits per 3 dB beamwidth", defined as:
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Hits per 3 dB beamwidth 0 x PRF (1)

Ws

where 0 is the antenna 3 dB beamwidth in degrees,
PRF is the pulse repetition frequency in Hz, and
Ws is the antenna scanning velocity in degrees/sec.

The time required f- L radar to transmit the number of hits per 3 dB beamwidth
may be considered as the ( ;ctive observation time of the returns coming from the centre
of this azimuthal sector. For the Phase I SURVEY data, this effective length was
relatively short. For example, with a 3 dB beamwidth of 10 and a scanning velocity of
30/sec, it takes 0.333 seconds for the antenna to traverse one azimuthal beamwidth. For
conventional Fourier analysis, the resolution of the spectrum is inversely proportional to
the length of the observation interval. This means that the attainable resolution of
conventional spectral estimation techniques for this data set is 3 Hz. Since the spectral
content of most ground clutter extends only to sveral Hz (it could extend to several tens
of Hz at X-band and at high wind speeds), a spectral resolution of 3 Hz cannot
characterize most ground clutter spectra adequately. Thus the SURVEY data were not
suitable to be used for spectral analysis.

The HOP data were the most suitable form of Phase I data for spectral analysis.
The HOP data were recorded with a stationary antenna. Hence there was no antenna
scanning modulation. The dwell time for the HOP data was usually quite long, from 20
seconds to about a minute. The PRF was 500 Hz. Thus it was possible to obtain spectral
resolution as low as a fraction of a Hz. Unfortunately, there were not sufficient HOP data
from each site with adequate range of wind speed to provide the necessary information on
clutter spectral characteristics for modelling. The only exception was the Katahdin Hill,
MA site where very detailed ground truth and a large amount of HOP data were
collected. The analysis of these data has been reported by Billingsley and Larrabee [6].

This leaves the REPEAT data. The REPEAT data were collected over an
azimuthal sector of 10 to 20 degrees in each site at different times. It permitted the
observation of clutter from the same set of resolution cells at different winds speed and
directions. The REPEAT data also employed a stationary antenna; however, the PRF
was usually higher than that employed in the HOP experiments, typically from 2 to 3
kHz. The dwell was 1024 pulses, and for a PRF of 3 kHz, represented an observation
period of only 341 msec. The FFT yielded poor results when it was used to analyze these
data.

In Section 2.3 we will outline a procedure using the MESE to extract spectral
information from the Phase I REPEAT data.

2.1.2 DREO S-band Experimental Phased Array Radar.

The DREO Radar Division's S-band coherent phased array radar facility provided
suitable ground clutter data of the surrounding area for detailed spectral analysis. The
advantage of this data source was that very long dwells could be used to obtain clutter
data from individual resolution cells. For data collection, we employed a time series of

3



30720 pulses at a PRF of 100 Hz. This particular combination of PRF and number of
pulses represents 307.2 seconds of observation time. The limitations of the DREO radar
were that it was a single-band radar and that it transmitted and received only in
horizontal polarization. The characteristics of the DREO Radar Division S-band Phased
Array Radar are summarized in Table II.

TABLE II: CHARACTERISTICS OF THE DREO RADAR DIVISION

S-BAND PHASED ARRAY RADAR

FREQUENCY 2970 1Hz

POLARIZATION HORIZONTAL

PULSE WIDTH 1.0 As

PRF 100 Hz

PEAK POWER 2.5 KV

AZINUTHAL BEAIVIDTH 40

Figure 1 shows a map of the DREO site. The S-band phased array antenna can
be electronically steered to cover an arc of 800. We divided this arc into 20 look
directions, each representing a 40 sector. The range extent for data collection was limited
to about 10 kin. Ground clutter data were taken directly from the In-phase (I) and
Quadrature (Q) channels analog-to-digital converters(ADC). With a 150m (1 PS pulse)
range resolution, there were 1200 resolution cells. Excluding those located on the Ottawa
River, data from approximately 600 resolution cells could be studied in detail. Three
complete sets of clutter data were collected at winds speeds of 3, 12, and 25 mph
respectively.

2.2. Maximum-entropy spectral estimation.

MESE is a family of algorithms which provides superior resolution capability for
random data fitting the so-called autoregressive (AR) model. It is used extensively in
the fields of acoustics and speech processing. Radar ground clutter, having low-frequency
spectral characteristics, has attributes similar to those of an autoregressive random
process. In Section 2.3 we shall give examples showing that ground clutter spectra can be
approximated very well by AR models of moderate orders.

MESE assumes that a complex time series representing a sampled random process
is the output of an autoregressive (AR) system driven by white noise. The AR system
has the structure shown in Figure 2. Here the time series is taken from the output of an
adder which sums the input noise sample with a number (M) of past output samples
weighted by a set of complex coefficients {an}. The Z-transfer function of the system in
Figure 2 is given by:
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Figure 2. Schematic diagram of an autoregressive (AR) system.

2.2.1 Heuristic explanation of MESE

The concept of MESE can be explained using the following heuristic argument. If
the input noise process is white (i.e., a fiat input spectrum), the spectrum at the output of
the AR system is proportional to its Z-transfer function. Consider a non-recursive filter
whose structure is shown in Figure 3. The Z-transfer function of this filter is:



T - unit delay

2 MXnn

Yn

Figure 3. Schematic diagram of a non-recursive filter.

I
1(z) I b z- n  (3)

n=1

The denominator in Eqn(2) has the same form as that of the Z-transfer function of
the recursive filter except for the coefficients. Suppose we cascade the AR system with
tLis filter. The spectrum of the time series observed at the output of the non-recursive
filter will be flat if bi = -aj, i=1,2...,M, because in this case the denominator of the AR
Z-transfer function cancels the Z-transfer function of the recursive filter, leaving a
constant as the cascaded Z-transfer function.

The filter in Eqn(3) used in this context is a linear prediction filter [7]. The
out put of this filter represents the prediction error. The greater the mismatch between

aif} and {bi} the greater the prediction error would be. The prediction error power is a
function of the covariance matrix of the time series and the coefficients {ai}. Since the
input spectrum is flat, to calculate an AR spectrum, it suffices to find the set of
coefficients {ai} that minimizes the prediction error power. The detailed development of
the MESE is well documented [7-9].

There are many variations in the realization of the MESE. We adopted a
particular algorithm due to Burg[8] in our analysis. After finding the AR coefficients {ai}
and the prediction error power PM+1' the clutter spectrum is given by:
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PE+ At

S(f) P + 2 (4)

1 + a. exp(-j27-nfAt)

n=1

where f is the Doppler frequency, and At is the sampling interval of the time
series.

In Eqn(4) the Doppler frequency f is a continuous variable. In practice, the
ME-spectrum is computed at regular discrete points within the Doppler band. With the
Doppler bandwidth normalized to unity, Eqn(4) was evaluated at regular intervals of
f=kAf, k=0,1,2,..,K, where Af=/K. To obtain good spectral resolution, we chose a value
of K=1024 points. Thus each discrete value computed from Eqn (4) represents the
clutter power in the region : kAf< f < (k+1)Af.

2.2.2 Practical considerations of the MESE

In applying the MESE, there are two parameters to be considered. The first is the
order (M) of the AR process to be postulated. The MESE essentially approximates the
clutter spectrum by allocating the poles of the AR process in such a way that the
resulting Z-transfer function of the AR process is very similar to the clutter spectrum.
This is analogous to the synthesis of a band-pass characteristic by means of a bank of
tuned filters. The ability of the filter bank to approximate a given transfer function is
dependent on the number of filters in the filter bank and the complexity of the transfer
function. The more complicated the transfer function the greater the number of filters
that is required. The appropriate order of an AR model fitting a given time series may be
determined from consideration of Akaike's final prediction error [10] for an N-point time
series. For long time series (>1024 samples) we used an order M - 50. For short time
series(< 32 samples), we limited the order of the AR model to a quarter of the length of
the time series. Both cases yielded good spectral estimates.

The second parameter is the signal bandwidth of the clutter. The unambiguous
bandwidth over which the clutter spectrum can be measured is determined by the PRF.
The PRF employed in the Phase I REPEAT data was either 2 kHz or 3 kHz.
Examination of ground clutter at various frequencies and wind conditions indicated that
the spectral spread of ground clutter ranges from within *1 Hz at VHF to * 50 Hz at
X-band. At S-band, where the DREO radar operates, the spectral extent (the Doppler
region in which the clutter spectral density is greater than the receiver noise density) of
clutter is less than *25 Hz even in fairly strong winds.

If the PRF is much greater than the spectral extent of the clutter, some of the
poles of the AR model will be located in the portion of the spectrum that is occupied
essentially by receiver noise. As a result, only a small fraction of the poles would be
allocated to the clutter spectrum. To obtain a good approximation of the clutter
spectrum, a larger value of M is required than would be for a smaller PRF.

8



One way to reduce the order of the AR model and still retain the accuracy of the
clutter spectral estimate is to coherently integrate the time series before performing
MESE. The integration may be more appropriately described as coherent
block-averaging. That is, a block of K contiguous samples of the original time series is
coherently summed and the result divided by K. However, for simplicity, we will use the
term "coherent integration" to describe the above operation. A coherent integration of a
time series over K samples is equivalent to low-pass filtering the data with a filter having
t Kh the original bandwidth. As long as the resulting bandwidth is still much greater
t an the clutter spectral spread, negligible information loss on the clutter will result.

There is a drawback in applying coherent integration before performing spectral
analysis. Strong spectral components of targets of opportunity such as automobiles could
fold back onto the reduced Doppler band because of the aliasing effect. Fortunately, these
components appear as narrow spectral lines and can be readily distinguished from that of
ground clutter.

2.3 Spectral components of radar ground clutter

To gain some insight into the origin of the spectral components in a clutter
process, we examined the clutter spectrum together with the clutter waveform. The
spectral plots are given in terms of relative magnitudes in dB with respect to a numerical
value of unity. For the purpose of analyzing spectral characteristics, the absolute
magnitude of the clutter is not important.

Figure 4 shows the in-phase channel waveform together with the corresponding
spectrum of an experiment performed in Beiseker, Alberta. The experimental parameters
were: X-band, horizontal polarization, 150 m waveform resolution, Azimuth = 314.7o,
Range = 1266 m, PRF = 1.0 kHz, observation interval = 20.48 seconds (20480 pulses).
The entire waveform was divided into blocks of 1024 samples. For each block, we
calculated the spectrum using the FFT and a Blackman window and plotted them in
alternate rows of figures. The horizontal axis in each spectrum-block represents a range
of Doppler frequency from -500 Hz to 500 Hz.

We can see how the clutter spectrum behaved in contiguous time frames of one
second by examining the spectra of successive waveform segments. A narrow spectral line
and a low-frequency spectral component centred about zero-Doppler were always
present. There were also the receiver noise component and a few periodic spectral lines,
probably caused by the harmonics of the 60 Hz power supply. The rapid modulation
waveform of frames two to five (pulse number 1024 to 5120) appeared as a Doppler
shifted spectral component. The Doppler shift was seen to have increased to over 600 Hz.
A Doppler shift of 600 Hz corresponds to a velocity of 22 mph at X-band. This was
faster than the recorded wind speed of 13 mph. The high velocity and the fact that the
acceleration was in one direction indicated that the object in motion was free, perhaps a
flock of birds.

A less rapid modulation waveform appeared from frame No.9 to No.14. This
modulated waveform can be identified from the corresponding spectrum of the waveform
segments as a slightly Doppler-shifted spectral component around zero. The origin of
this component is less obvious. In all probability, it was caused by a combination of
slow-flying birds and a sudden wind gust which accelerated objects such as tree leaves
and branches.

9
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Analysis of available HOP data at other frequencies showed similar results, except
for UHF at low wind speeds. At UHF, the slow-diffuse component was often below noise
level. Figure 5 compares the spectra of a UHF experiment computed using the FFT and
the MESE. The experimental parameters are given in the Figure.

40
30 FREO. • 435 MHz

V-POL

RESOL.. 150 m FFT
20 PRF - 500 Hz 1024-POINT FFT

AZ.- 3530 AVERAGING 30 PERIODOGRAMS
0 tO RANGE - 12249.5 n

WIND SPEED - 8 mph
0 WIND DIRECTION - 2600

I--
-10

Z
W -20
a
*, -30

W 50 MESE
-

-70

-8 I I I I I
-8 -6 -4 -2 0 2 4

DOPPLER FREQUENCY (Hz)

Figure 5 Comparison of spectra of URF clutter computed using
the FFT and the NESE.

The original 30720-point time-series was partitioned into thirty 1024-point
subsequences. The FFT was performed on each subsequence using a Blackman wirdow.
The upper curve in Figure 5 was obtained by averaging the thirty periodograms. The
spectral extent of the FFT spectrum was equal to the PRF (500 Hz). Hence there were
only 32 samples in the Doppler region of *8 Hz. Only the coherent component was visible
from the FFT spectrum, and it was masked by the data window. Improved spectral
resolution can be obtained by performing a single 30720-point discrete Fourier transform;
however, the resulting periodogram was very spiky, and the diffuse components were
masked by the receiver noise. The lower curve was the ME-spectrum obtained using the
following parameters: 32-point coherent integration, AR model order M=32. With the
32-point coherent integration, the noise floor was reduced, and the slow-diffuse
component became visible.

Three spectral components may be identified as those of ground clutter, namely,
(a) a coherent component, (b) a slow-diffuse component and (c) a fast-diffuse
component. The coherent component occupies a very narrow spectral region around zero
Doppler whose width was a function of the radar frequency, wind speed and land cover.
The spectral width ranged from practically zero for VHF (or for urban land cover, i.e.,
buildings) up to several z for X-band.
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The slow-diffuse component occupied a broader Doppler region than the coherent
component. Again it was a function of the radar frequency and wind speed. The Doppler
region of this component could extend to several tens of Hz at X-band. The magnitude
of the slow-diffuse component relative to the coherent component decreases with
decreasing radar frequency.

The fast-diffuse component occupies a even broader Doppler region than the
slow-diffuse component. It was localized, ie., this component might be present in clutter
from one resolution cell while it was absent in the clutter of the neighbouring resolution
cells during the same observation interval.

In order to assess the relative significance of various spectral components of
ground clutter, we used data collected from the DREO S-band radar. Figure 6 shows the
averaged spectrum of the clutter obtained from a particular resolution cell in the DREO
site. The experimental parameters are given on the figure.

60

C 50 SITE: DREO
FREQ.- 2970 MHz
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AZ.-36 0
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o 20 -
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L
C0 -10

-20
-50 -40 -30 -20 -10 0 10 20 30 40 50

DOPPLER FREQUENCY (Hz)

Figure 6. S-band ground clutter spectrum observed in a particular
resolution cell at the DRED site.

In this clutter spectrum, the fast-diffuse component appeared as a band-limited
noise in the averaged clutter spectrum (a more or less flat spectral density between *30
Hz). However, it actually comprised narrow-band components which appeared at
different times. To see this, we plotted the I-channel waveform and the corresponding
spectra of the clutter data of Figure 6 in Figure 7.
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From Figure 7, we noticed a rapid modulation of the clutter waveform appearing
from the middle of frame No.8 to about frame No.10(pulses 5120 - 10240; approximately
40 seconds). The Doppler shift of this component varied with time as can be seen from
the corresponding spectra. In Figure 8 we showed the I-channel waveform segments and
the corresponding spectra for a resolution cell which was about 600 m beyond the one
whose waveforms were shown in Figure 7. There was no noticeable fast-diffuse
component in the spectra of Figure 8. Since the two waveforms were sampled
simultaneously, this indicated that the fast-diffuse component was transient in nature
and that its occurrence is the result of a localized wind gust.

For the resolution cell whose clutter spectrum was shown in Figure 6, aerial
photographs showed that the cell was located at the far shore of the Ottawa River, and
that there were a few isolated trees within the cell. Thus the coherent component
resulted from the strong echo from the shore line, and the slow and diffuse components
resulted from the motions of the trees. To get a first-order estimate of the relative
significance of these three components, we integrated the spectral density of Figure 6 in
three Doppler regions: (a) coherent component from -0.2 Hz to +0.2 Hz, (b) slow-diffuse
component from -8 Hz to -0.2 Hz and 0.2 Hz to +8 Hz, and (c) fast--di use component
from -35 Hz to -8 Hz and +8 Hz to +35 Hz. We normalized the power of the diffuse
components with respect to the coherent component. The slow and fast-diffuse
components were estimated to be -9.34 dB and -28.8 dB, respectively, below the
coherent component. The receiver-noise component was estimated to be -41 dB. It
should be emphasized, however, that the relative magnitude of these components was
dependent on frequency, land cover and wind speed.

2.4 Spatial averaging of ground-clutter spectra

The Phase I data base was valuable in that it was multi-frequency,
multi-resolution and dual-polarization. The limitation was that the observation period
was relatively short. In Section 2.2 we introduced the MESE which is superior to the
FFT for analyzing short time series. However, the maximum entropy (ME) spectra using
a single short time series cannot be considered representative. An average of many
clutter spectra estimated from independent short-time series is needed to provide a
representative ground-clutter spectrum.

If the clutter processes from a number of range cells of an area with similar
land-cover are available simultaneously, a representative clutter spectrum for the area
may be obtained by averaging the clutter spectra of the individual resolution cells.

In Section 2.3 we observed that the ground-clutter spectrum comprised a coherent
component, a slow-diffuse component and a fast-diffuse component. The coherent
component was spatially inhomogeneous in that its magnitude could vary more than 20
dB among neighbouring resolution cells. This is because the main contributors to the
coherent component are usually man-made objects such as buildings, hydro towers, grain
silos or natural features such as the ground, mountains, terrain ridges, river banks and
tree trunks. The location of these natural and man-made features is site-dependent, and
the effective radar cross-section of these objects is deterministically unpredictable due to
propagation effects. The fast-diffuse component was transient in nature and could also
be spatially inhomogeneous. Over a small area of similar land covers, however, the
slow--diffuse component was more homogeneous. Thus a good representation of the
slow-diffuse component for a patch area can be obtained by averaging the clutter spectra
of resolution cells inside the area.
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Consider a small area which measures a few degrees in azimuth and approximately
1 km in range. For a range resolution of 150 m, this area may contain several tens of
resolution cells. The PHASE I data have been calibrated to remove the (range)-4
dependence. However, the clutter magnitude is still directly proportional to range
because the resolution cell size increases with range. Consequently the clutter spectra of
individual resolution cells are normalized to that of the cell closest to the radar (ri). We
used the following procedure to obtain a representative ground clutter spectrum for such a
patch area.

Let Si(f), i=1,2, ...,I; j=1,2,..,J be the short-term (calculated using short time
series records) clutter spectra of the resolution cell located at the ith azimuth and the jth
range. The averaged clutter spectrum for this area is defined as:

IJ

SI - - Sij (f) (5)
i=ljz--

where

rj = the distance of the jth range from the radar

The accuracy of the clutter spectrum obtained using the above procedure depends
on the spectral width of the clutter process and the relative magnitude of the coherent
and diffuse components. In practice, if the coherent component is substantially higher
than the slow--diffuse component and the spectral width of the slow-diffuse component is
small, then the ME-estimate of the diffuse component using short data records will be
unreliable. The reason is that, in this case, the spectrum around zero-Doppler is
dominated by the coherent component. Nevertheless, the MESE will still provide a
better result than that obtained using the FFT for the same record length.

As an example, Figure 9 compares the MESE and the FFT spectra of the L-band
clutter for a resolution cell in the REPEAT sector of the Peace River South II, Alberta
site. The experimental parameters are given in the figure. The FFT spectrum was
computed directly from a single 1024-point clutter time series using a Blackman window.
The ME spectrum was obtained by first coherently integrating the 1024-point time series
over 16 samples and using an AR model of order 16. The reduction of the noise floor of
the ME spectrum was the result of the coherent integration. It can be seen that the ME
spectrum preserved the very narrow spectral line of the coherent component while the
FFT spectrum was dominated by the spectrum of the data window.
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3. Spectral analysis results.

3.1 Composite clutter spectra from different land cover areas

3.1.1 Agricultural land cover.

Figures 10 to 13 show the averaged ME spectra for clutter of the Magrath
REPEAT sector at X-, S-, L- and U-bands, respectively. Vertical polarization data
were used. The area in this sector had been classified to be principally agricultural lands.
The spectra were calculated using the procedure outlined in Section 2.4. The wind speeds
at the time the data were recorded for each spectrum are indicated in the figures. In
general we noted the following:

(i) the rate of change (slope) of the power spectral density for the slow-diffuse

component with Doppler frequency in dB scale was approximately linear, and

(ii) the slope decreases with increasing wind speed.

A linearly decreasing spectrum in dB scale suggested that the spectral density may
be modelled by a function that decreases symmetrically and exponentially on each side of
the zero-Doppler frequency. This relationship was reported by Billingsley and Larrabee
[6] in their analysis of spectra from wind-blown trees. Our analysis of clutter in
agricultural and urban areas indicated that the exponential model was also valid for
clutter from crops and vegetation.

Figure 11 shows the averaged ME spectra for the same area at S-band, vertical
polarization. The wind speeds for the three spectra were 2, 12 and 22 mph. We obtained
results similar to those for X-band. The original PRF employed for these data was 3
kHz. In the spectral calculation, the data were first coherently integrated over 16
consecutive pulses, thereby reducing the bandwidth to L97.5 Hz. The spurious spectral
lines were traced back to data from cells with automobile traffic. Assuming a nominal
speed of automobiles of 30 mph or 13.4 m/sec, the corresponding Doppler shift is 268 Hz
at S-band. The radar echo from automobiles is usually quite large. Thus spectral lines
for an automobile travelling towards or away from the radar would appear as an aliased
spectral line with reduced magnitude (after coherent integration). These spectral
components were easy to identify because they were narrow in Doppler extent and they
usually had a uni-directional Doppler shift. Similar results were observed for L-band
and UHF data at relatively high wind speeds (>18 mph) as shown in Figures 12 and 13,
respectively. It was not possible to obtain accurate spectral shape for the slow-diffuse
component at VHF. The coherent component at VHF was observed to be several orders
of magnitude higher than the diffuse components.

An interesting phenomenon was observed in an X-band, V-POL experiment at
Magrath, Alberta (figure 10). Apart from the usual large coherent component and a
small diffuse component centred about zero Doppler, we observed two distinct spectral
components centred about *27 Hz.
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Figure 10. Average ME spectrum of X-band clutter for the REPEAT
sector of Nagrath, Alberta.
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Figure 11. Average ME spectrum of S-band clutter for the REPEAT
sector of Eagrath, Alberta.
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Careful examination of the coherent waveforms of the clutter data over the area
revealed that this component existed in clutter data from most of the resolution cells.
Figure 14 shows the I-channel waveform of the clutter data from one particular
resolution cell which was typical of the entire area. The nominal period of the small
sinusoidal component was estimated to be about 37 msec. This corresponded to a
Doppler frequency of 26 Hz, as indicated in the spectrum.

A Doppler shift of 26 Hz at X-band corresponded to a velocity of 0.44 m/sec. The
recorded wind speed of this experiment was 2 mph or 0.9 m/sec. This indicated that the
spectral peaks centred about *27 Hz was probably the result of regular oscillatory motion
of vegetation, arising from restricted freedom of travel and natural elasticity. If the wind
speed is high, the motion of the crops is disrupted, forming what appears to be a band of
random noise. This could explain the absence of these spectral components at higher
wind speeds. It will be shown in Section 3.1.2 that this pendulum motion was also
observed in some DREO S-band data taken in moderate wind conditions.

Clutter spectra were also analyzed for data taken using high resolution waveforms
(15 m and 36 m). No significant difference was observed in the clutter spectral shapes
between high- and low-resolution waveforms. Averaged clutter spectra computed from
horizontal polarization data were similar.
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Figure 14. I-channel ]{-band clutter waveform from a typical resolutioncell in the REPET sector of Pagrath, lberta.

21



3.1.2 Deciduous forested land cover.

Figures 15 to 18 show the averaged ME spectra for clutter processes in the
REPEAT sector of Peace River South, Alberta for X-, S-, L-, and U-bands
respectively. Land cover for this area was classified as deciduous forest. The clutter
spectra were observed to comprise mainly the coherent component and a diffuse
component. Again the diffuse-component power decreased exponentially with increasing
Doppler frequency. The ratio between the coherent and diffuse components was generally
smaller than that observed in the Magrath site. The dominant scatterers of forested
terrains are trees. Since tree branches and leaves which have limited degree of freedom
constitute a large proportion of a tree. The diffuse component of clutter from forested
areas should be proportionately greater than it would be for urban and agricultural areas.

For S-band, we had a large amount of horizontal-polarization data from the
DREO site. We used these data to examine the various spectral components in more
detail. Figure 19 shows I-channel waveform together with its sectional spectra for a
DREO S-band experiment. The recorded wind speed was about 12 mph. It can be seen
that in successive 10-second time frames, two distinct fast-diffuse components on each
side of the zero-Doppler were present. The Doppler shifts of the fast-diffuse component
also appeared to vary with time, resulting in an averaged clutter spectrum with a
band-limited noise on each side of the zero Doppler, as shown in Figure 20.

Comparing the results between agricultural and forested areas, we did not find
significant difference in the slope of the clutter spectra for the same wind speed between
the two land covers. This was supported by analysis of the DREO S-band data. We
compared the clutter spectra of two groups of resolution cells. The first group represents
cells with trees, and the other represents cells with crops only. The identification was
based on high-resolution aerial photographs of the area. Figure 21 compares the clutter
spectra of a representative cell from the forest group and one from the agricultural group,
respectively. The recorded wind speed was 25 mph. As can be seen the slopes of the
slow-diffuse component were very similar.

3.2 A composite spectral model for low-angle ground clutter.

Based on the above observations, we can postulate that the spectrum of ground
clutter compised three components:

S(f) = C(f) + DS(f) + Df(f) (6)

where C(f) is the coherent component; DS(f) and Df(f) are the slow- and
fast-diffuse components, respectively.
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Figure 15. Average NE spectra of I-band clutter for the REPEAT
sector of Peace River South II, Alberta.
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Figure 16. Average KE spectra of S-band clutter for the REPEAT
sector of Peace River South II, Alberta.
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Figure 17. Average ME spectra of L-band clutter for the REPEAT

sector of Peace liver South II, Alberta.

VELOCITY Wmsec)

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0
0

UHF PEACE RIVER SOUTH 11
10 V-POL REPEAT SECTOR

150 M
-0 AZIMUTH *353

-30

z-40
w

2 Mph . 3150

50a- 14 mphe0 250*

-e- 1S mph e 260

C,,

DOPPLER FREQUENCY (Hz)
Figure 18. Average ME spectra of UHF clutter for the REPEAT

sector of Peace River South II, Alberta.

24



Wali0

DREO. OTTAWVA S-BAND H-POL 150m AZ.36 R-6050M PRF-100 Hz W.S.-12 mph

_j
0j

i
I-

0

-so ("a:) so -60 (Ht) so-C MR) SO -50 MRz I G-s6 (HW) so

_j
0U

z r4~IM 14-25 ig10213213413455
z

I-v

CE)

-so (H) so-ao ik) us-es (Hrj so-so (H) so-6 (HE) so

Fiur19 Setoaclte aeoranthcorsodnspcrfoa

DIDSbnzxeiet

z MAA L A Ai ,ApA , o M 4M O 25



40

SITE: DREO

V 30- FREQ.*2970 MHz
- ~H-POL.

RESOL'w 150 In
PRF - 100 Hz

-20- AZ.- W6
co RANGE - 6050 m
Z W.S.- 12 mph

LU10L

0-

0U-1

C/)

-50 -40 -30 -20 -10 0 10 20 30 40 50

DOPPLER FREQUENCY (Hz)

Figure 20. An S-band clutter spectrum showing the fast-diffuse componen

as a band-limited noise on each side of zero-Doppler
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Figure 21. S-band clutter spectra of a resolution cell with forested
land cover and a resolution cell with agricultural land
cover at the DIED site.
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In general, the coherent component may include returns from fixed objects such as
large buildings and heavy but flexible objects such as large tree branches and heavy hydro
wires. Returns from buildings will remain coherent even at high frequencies over a long
time interval. Hence for resolution cell with pure urban (buildings) or barren land covers,
the coherent component may simply be modelled as a delta function at zero-Doppler.
This also applies at low frequencies (UHF and VHF) at moderate wind speeds for other
land covers. Returns from heavy but flexible objects will remain coherent at very low
wind speeds. However, it will become incoherent as the wind speed increases sufficiently.
Thus at higher frequencies and wind speeds, the coherent component should be modelled
more appropriately as a function that decreases symmetrically and exponentially on each
side of zero Doppler:

C(f) = Coexp(-kclfm) (7)

Similarly we can model the slow-diffuse component by:

DS(f) = Do exp(-ksif i) (8)

The fast-diffuse component may be modelled as band limited noise:

Dr(f) D n o  Ifi < fc (9)

=0 If[ > f c

Since the partial spectra represented by Equations (7) and (8) dominate in
different Doppler regimes, the slope of the respective spectral components can be
measured separately. Expressing Eqn (7) in dB scale, we have:

CdB(f) = 10 1Og 1 0 (Co) - {10 log10 (e)} kc IfJ (10)

= Co - kc Ifi

where kc is in dB/Hz, and e is the base of natural logarithm.

Similarly

sl

D B(f) = 10 log 10 (Do') - {10 log10 (e)} k. IlI (11)

= D!I-0

Figure 22 depicts the symbolic diagram of the composite ground-clutter spectral
model. The pertinent model parameters are kc, k. (the spectral slopes of the coherent and
slow--diffuse components, respectively), Co, D&g, DJ (the spectral densities of the coherent,
slow--diffuse and the fast-diffuse components at zero Doppler), and fc (the cutoff
frequency of the fast-diffuse component). In Section 3.3 we shall present results from
which information concerning these parameters may be derived.

27



MAGNITUDE IN dB SCALE

Co COHERENT COMPONENT

slope kc

F S T
0 SLOW DIFFUSE COMPONENT

k 
slope k t

FAST

DIFFUSE COMPONENT

DOPPLER FREQUENCY
Figure 22. Symbolic diagram of the composite ground clutter model.

3.3 Model parameters and their dependence on wind speed, wind direction and
land covers.

3.3.1 Spectral slopes of the coherent and the slow-diffuse components.

(a) Spectral slope of the coherent component

Parameter kc, the spectral slope of the coherent component, is much more steep
than ks (that for the slow-diffuse component). As an example, in Figure 10, the X-band
clutter spectrum for a wind speed of 22 mph had two distinct slopes. The first, around
zero-Doppler, had a slope of about -20 dB/Hz. The second, corresponding to that of the
slow-diffuse component, had a slope of -1.1 dB/Hz. This means that within a Hz, the
spectral density of the coherent component would have decreased to a level below that of
the slow-diffuse component. Since the coherent component occupies a very narrow
spectral region around zero-Doppler, to measure its slope would require a very long
observation time. Available Phase I data did not permit a comprehensive analysis of
parameter kc over a sufficiently wide range of wind speeds.

(b) Spectral slope of the slow--diffuse component.

Parameter kg may be measured readily with available clutter data for various
radar frequency as functions of wind speed.
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The spectral slopes of the slow-diffuse component were measured from the
averaged clutter spectra obtained from the REPEAT data of Magrath and Peace River
South II, using the procedure outlined in Section 2.3. In Figure 23 we plotted the slope
parameter of the slow-diffuse spectral component against the recorded wind speed. The
slope parameters were estimated from the averaged ME spectrum of individual
experiments. Data were available for wind speeds ranging from 2 mph to approximately
25 mph. For UHF at low wind speed (2 mph), the spectral'behaviour of the slow-diffuse
component deviated from the symmetrical negative exponential model. Figure 24 shows
the ME spectrum of a UHF experiment (Site=Peace River South II, Frequency=465
MHz, H-Pol, Az=353o, Range=12 km). The spectrum was computed by first coherently
integrating the clutter time series over 32 samples and then fitting the resulting time
series with a 32-order AR model. It can be seen that the diffuse component was
dominated by four distinct spectral peaks located on both sides of zero Doppler. However
the diffuse component is several orders of magnitude lower than the coherent component.
For VHF data, the slow-diffuse component was much smaller than the coherent
component, making the estimate of the slope parameter inaccrate.
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Figure 23. Slope parameter of the slow-diffuse clutter component
as a function of recorded wind speed.

One can of course normalize the clutter spectra with respect to the Doppler
frequency so that k, for various radar frequencies can be plotted as a function of velocity
in m/sec. From the radar signal processing perspective, greater improvement can be
realized if the clutter spectrum occupies a smaller fraction of the signal bandwidth (PRF).
We elect to present the results in terms of Doppler because they can easily be compared
in terms of percentage of the PRF.
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Figure 24. ME spectrum of a UHF experiment at Peace River South II, Alberta.

(c) Effect of wind direction.

Since the movement of most vegetations is wind-induced, we expected the spectral
slope of the slow-diffuse component to be less steep (more diffuse) in the upwind
direction than that in the crosswind direction. This was observed to be the case for
moderate wind speeds. In Figure 25a we compared the spectra of the clutter in two
resolution cells. Spectrum A was for the resolution cell located at Az = 360 and range =
6350m. Spectrum B was for the resolution cell located at Az = -400 and range = 6650m.
The approximate wind speed was 12 mph from the direction of ENE (67.50). This means
that the resolution cell in the Az = 360 direction was near upwind, and the resolution cell
in the Az = -400 direction was near crosswind. The slopes of the slow-diffuse component
in spectrum A (upwind) and B (crosswind) were estimated to be -6 dB/Hz and -14
dB/Hz, respectively.

The difference in the spectral slopes between the upwind and crosswind cases was
less noticeable at higher wind speeds. In Figure 25b we compared the spectra of thp
clutter in the same two resolution cells on a windy day. The approximate wind speed was
25 mph from the direction of WNW (-67.50). Thus the iesolution cell in the -400
direction was close to upwind, and the resolution cell in the +360 direction was close to
crosswind. In this case, the slopes of spectrum A (crosswind) and spectrum B (upwind)
were estimated to be -2.5 dB/Hz and -2.14 dB/Hz, respectively. This result suggested
that change in the slope of the slow-diffuse component will level off at high wind speeds
(typically at 20 to 25 mph).
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(a) Moderate wind speed case.
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Figure 25. Comparison of typical clutter spectra of a resolution
cell in (i) upwind and (ii) cross--wind conditions.
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3.3.2 Clutter coherence factor

Parameters Co DS and Df cannot be easily determined since they are not
independent of one another. There exists a complex interrelationship among these
parameters which depends on wind speed, land cover, and the relative proportions of
various land covers within a resolution cell (e.g., buildings, crops, and trees). It is more
practical to construct a statistical profile from which useful information concerning these
parameters may be deduced.

We defined a quantity called "coherence factor" of a resolution cell as the ratio
between the coherent component and the total clutter power from that cell computed over
the coherence interval. We express the coherence factor in percentages:

N-I 2

CF [ no 100 % (12)

N-I1 2

n=o

Where xn, n=0,1,2,..,N-1, are the complex clutter samples.

The coherence interval is determined by the number of pulses N and the system
PRI (N x PRI). The value of N should be such that the coherence interval is much longer
than the time interval between revisits which is in the order of seconds. The reason is
that, in order to take advantage of its coherent properties, the clutter should remain
stable over a reasonably long period of time. If one is certain that the clutter will remain
coherent by the time the radar revisits the same resolution cell, the coherent component
can be subtracted from each subsequent return, thereby removing a substantial amount of
clutter without affecting low-Doppler target signals.

The total clutter power inclu les both the coherent, the slow- and fast-diffuse
components as well as the receiver-noise component. The fast-diffuse component is
generally at least two orders of magnitude lower than the slow-diffuse component and
may not even be observable at radar frequencies below L-band. Hence for a resolution
cell with high clutter-to-noise ratio, the CF gives an approximate ratio of the coherent
component to the sum of the coherent component and the slow-diffuse component. By
examining the distribution of the CF for various land covers and wind speeds, it is
possible to derive the relative magnitudes of Co and Dos statistically for resolution cells
with similar land covers.

Figure 26 compares the distributions of the coherence factor of S-band clutter at
the DRE site for three different wind speeds. There were 1200 resolution cells within
the sector where data were collected. Approximately half of these resolution cells were
located on the Ottawa River. These were excluded from the analysis since clutter from
these cells represent mostly reflection from water. The remaining resolution cells were
classified into three categories: (i) urban, (ii) agricultural and (iii) forested.
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Classification was performed through interpretation of high resolution aerial
photographs of the DREO site. The urban land cover included residential and
commercial buildings, highways, parking lots, terrain ridges and shore lines. The

p agricultural land cover included mostly fields with no trees visible from the aerial photos
but could include some farm buildings. The forested land cover included areas covered
with trees. There were 108, 109 and 387 resolution cells classified as having urban,
agricultural and forested land covers respectively.

The coherence factor of the clutter from each resolution cell was computed (N =
30720 pulses and PRI = 10 msec). The number of cells whose coherence factor exceeded a
given percentage was counted. The number of occurrences divided by the total sample
size gave approximately the probability of finding a resolution cell with a CF greater than
or equal to a specific CF value.

At low wind speeds (3 mph), the probability of finding an urban resolution cell
with a coherence factor greater than or equal to 90% was over 0.9. At rnoderate to high
(10 - 25 mph) wind speeds, this probability reduced to about 0.55, still very high. In
addition, the probability of finding an urban cell with a CF of more than 50 % remained
high (over 0.7) even at high wind speeds.

For agricultural areas, the probability of finding a resolution cell with a CF of at
least 90% was about 0.55 at low wind speed (3 mph). However it reduced to values of 0.3
and 0.1 as the wind speed increased to 12 and 25 mph, respectively.

For forested areas, the number of resolution cells with a CF value of at least 90%
was comparable to the agricultural case (0.55) at low wind speeds. As the wind speed
increased to over 12 mph, the probability reduced to 0.1 . At high wind speeds, the
clutter from most forested cells was essentially incoherent.

As discussed in Section 2.1, the REPEAT data offered clutter data with
sufficiently wide range of wind speeds at various radar frequencies. To gain some insight
into the behaviour of clutter coherence factor at other frequencies for various land covers
and wind speeds, we analyzed data from the REPEAT sectors of the Magrath and Peace
River South II sites. Detailed high resolution aerial photographs of the two sites showed
that the REPEAT sector in Magrath comprised resolution cells with either agricultural or
rangeland land cover. For the Peace River South II site, the resolution cells in the
REPEAT sector were classified either as deciduous forested or agricultural land.

Theoretically, the coherence factor may be obtained by first computing the FFT of
the time series and then taking the ratio between the squared magnitude of the first term
and the sum of the squared magnitude of all frequency indices. The FFT is defined as:

N-1

F I xn exp(-j2rnk/N) (13)Fk -IF X

n=O

where xn, n=0,1,2,...,N-1, represent the complex clutter time series from
a resolution cell.
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If we set the frequency index k of Eqn(13) to zero, Fo will be identical to the
numerator of Eqn(12) which is the coherent component. The sum of the squared
magnitudes of all frequency indices Fk, k=0,1,2,..,N-1, is equal to the denominator of
Eqn(12) by virtue of Parseval's theorem. However, the dwell employed by the REPEAT
data was short (typically 1024 pulses). The PRF's employed for X-, S-, L-band and
UHF experiments were 2kHz, 3kHz, 2kHz and lkHz, corresponding to observation times
of 0.5, 0.3333, 0.5 and 1 second, respectively. This means that the CF computed by
directly processing the clutter time series using a 1024-point FFT only measures clutter
coherence over a period of less than a second. Since we are interested in knowing the
clutter coherence factor over a much longer time interval, the FFT method is unsuitable.

The deficiency of the FFT method may be overcome by replacing the
FFT-spectrum in Eqn(13) by the ME spectrum of Eqn(4). The procedures for obtaining
these results are as follows. The 1024-point time series for each resolution cell within the
repeat sectors were first coherently integrated and its ME spectrum computed. The
values of the zero-Doppler component and the total clutter power were obtained from the
ME-spectrum and substituted into Eqn (12) to compute the CF. The coherent
integration length and the AR model employed for each frequency are tabulated in Table
III.

Table III Coherent integration length and AR model order for
clutter spectrum calculation

Coherent AR Original Resulting
Frequency integration length model PRF Bandwidth

band (no. of pulses) order (Hz) (Hz)
X-band 16 16 2000 125.0

S-band 16 16 3000 187.5

L-band 16 16 2000 125.0

UHF 32 8 1000 31.25

Figures 27 and 28 show the distributions of the clutter coherence factor for
Magrath and Peace River South II, respectively, using the procedure outlined above. It
can be seen that for a fixed radar frequency, the probability of finding a resolution cell
with high coherence factor decreases as the wind speed increases. For an agricultural site
(Magrath) at low wind speeds, there is a large portion of resolution cells with a CF
greater than 90% at most frequencies except X-band. This is probably due to the fact
that returns from crops were much weaker compared with returns from fixed objects such
as farm houses, and roads. For a forested site (Peace River South II), there was a much
higher proportion of resolution cells with a CF less than 10 %. This means that the
clutter in a forested site at frequency above L-band is essentially incoherent. For UHF
there was a large proportion of resolution cells whose clutter will remain highly coherent
at low to moderate wind speeds.
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Comparing the S-band results of Figures 27 and 28 with the DREO S-band result
(Figure 26) we noticed that there was a much larger proportion of resolution cells with
low CF values at the Magrath and Peace River South II sites than at the DREO sites for
similar wind speeds. It was conjectured that the seasons in which the data were taken
could have some effect on the observed difference of the CF's. The data for Magrath were
recorded in May, and the data for Peace River South II were recorded in mid October.
Thus there should have been a substantial amount of vegetation and tree leaves. On the
other hand, the DREO data were recorded in February, and the trees in the area were
almost entirely stripped of leaves. Thus for the same wind velocity, the resulting motion
of the trees at the DREO site would be less since the effective area was reduced. More
analysis is required to verify this conjecture.

The results presented in this section can be used to obtain information on
parameters Co and DO statistically. For example, given a total clutter power from a
resolution cell and the coherence factor, the clutter can be divided into the coherent and
slow-diffuse components (assuming negligible fast-diffuse component and receiver noise).
With the knowledge of kc and ks (Section 3.3.1), C. and D1 can be determined from
Eqn(7) and Eqn(8), respectively.

3.3.3 The fast-diffuse component.

As discussed in Section 3.1, the fast-diffuse component is spatially inhomogeneous
and is transient in nature. Available data did not permit meaningful quantitative results
on parameters Df and fc to be derived. Fortunately, the magnitude of this component is
relatively small compared with the coherent and slow--diffuse components. Its effect on
radar signal processing will not become significant until both the coherent component and
the slow-diffuse component have been removed. Nevertheless, the existence and spectral
extent of the fast-diffuse component should be taken into consideration for MTI filter
applications requiring an ultra-high improvement factor.

4. Conclusions.

4.1 Summary of results

We have carried out a detailed analysis on the spectral characteristics of low-angle
ground clutter observed with coherent ground based radars. The major conclusions of
this study were:

(i) The clutter spectrum as observed from a ground-based radar comprised a
coherent component, a slow-diffuse component and a fast-diffuse component. The
coherent component is the result of radar returns from immovable objects such as
buildings, highways, mountains, and those from movable objects (tree branches, etc) at
rest. The slow-diffuse component was likely the consequence of returns from movable
objects such as vegetation, tree branches set in motion by the wind. This component had
a moderate Doppler spread (up to several tens of Hz at X-band). The ast-diffuse
component occupies a broader Doppler region than the slow-diffuse component, and its
spectrum is similar to that of a band-limited noise.
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(ii) The spectral shape of both the coherent component and the slow--diffuse
components may be modelled by a function that decreases symmetrically and
exponentially on each side of zero-Doppler frequency, except for UHF and VHF at low
wind speeds. The rate of decay for the coherent component is much more rapid than that
of the slow-diffuse component. It was conjectured that the symmetrical shape of these
spectral components is due to the limited freedom of travel of most movable objects
(vegetation, tree branches and leaves) which contribute to ground clutter. Once these
objects were set in motion by wind, they behaved like pendulums. Since there are
numerous objects in a resolution cell, the distribution of objects travelling towards and
away from the radar is equally likely.

(iii) The fast-diffuse component was transient in nature and was most likely
caused by movement of light objects (such as tree leaves) in sudden wind gusts. The
magnitude of this component is usually small compared to the coherent component and
the slow-diffuse component. Crops in light breezes were also observed to produce
fast-diffuse components with a Doppler shift compatible with that of the prevailing wind
speed.

(iv) Part of the diffuse component power could be transferred to the coherent
component as the wind speed decreases.

(v) The coherence factor of ground clutter increases with decreasing radar
frequency. At VHF, the coherence factor remains high for all land covers and wind
speeds.

(vi) The distribution of coherence factor was site-dependent. Generally, we found
more resolution cells with a high coherence factor in urban areas where the clutter results
mainly from buildings. In forested areas, we found more resolution cells with a high
coherence factor at low wind speeds and more cells with a low coherence factor at
moderate to high wind speeds. At frequencies above L-band, the ground clutter from
resolution cells with primarily forested land cover is incoherent even at very low wind
speed.

(vii) Polarization has no apparent effect on observed clutter spectra. One minor
exception was that weak spectral peaks were observed with X-band, V-Pol signal from
agricultural areas of Magrath, Alberta at low wind speeds. These spectral peaks were
likely the result of regular oscillatory motion of vegetation in light breeze. This
component was absent from the X-band, H-Pol spectrum. This, however, could be
because the magnitude of the fast-diffuse component was lower at horizontal polarization
and consequently below noise level.

(viii) Wind direction had a direct effect on the spectral slope of the slow-diffuse
component at low to moderate wind speeds (< 15 mph). The spectral slope of the
slow-diffuse component was less steep in the up- and down-wind directions than in the
cross-wind direction. At higher wind speeds (>20 mph), the difference in the slopes of
the slow-diffuse component in upwind and downwind cases was within the range of values
observed from resolution cells in the same direction. Wind direction had a greater effect
on the fast-diffuse component. For up-wind and downwind directions, the presence of a
fast-diffuse component is more evident.
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(ix) Clutter spectra observed from various waveform resolutions ranging from 15 m
to 150 m did not show significant differences.

The spectral characteristics of ground-clutter suggested that ground clutter
presents a bigger problem for slow-target detection at higher frequencies (X-, and
S-bands) than at low frequencies (L-band, UHF and VHF. In Section 4.2 we shall
discuss several approaches for low--speed target detection improvement which take
advantage of the ground clutter spectral characteristics.

4.2 Signal Processing Improvements for Ground-based Surveillance Radars.

The findings of this study provided insights into the spectral behaviour of ground
clutter in two important aspects: (i) the spectral shape of the various components and (ii)
the coherence factor. These insights can be used to develop techniques to improve the
performance of ground-based surveillance radars. Current state-of-the-art surveillance
radars employing moving target detectors (MTD) [11] provide nearly optimum detection
performance for targets whose Doppler shift is well separated from the ground clutter.
Significant improvement is still possible in the detection of targets with near-zero radial
velocity.

For ground-based military surveillance radars, the detection of low-flying cruise
missiles in a tangential trajectory is difficult. The same can be said for civil air-traffic
control radars for detection of small, slow-moving aircraft. In the following we discuss
three possible approaches which could improve performance for near-zero velocity target
detection of surveillance radars.

(a) Adaptive ground clutter filter.

The coherent component and the slow-diffuse component contain most of the
clutter power. The spectral characteristics of these two components are predictable. For
example, we found that the spectral shape of both the coherent component and the
slow-diffuse component may be modelled by a function that decreases symmetrically and
exponentially on each side of zero-Doppler frequency. The slope parameter of the models
is a function of wind speed and radar frequency. This is a priori information which can be
extracted from the clutter data.

In conventional MTD processor designs, a bank of fixed band-pass filters is used
to suppress the ground clutter. The filter whose passband is occupied by the clutter
spectrum is called the zero-velocity filter(ZVF). The ZVF essentially passes the clutter
power with very little attenuation. This means that the target signal must be
substantially greater than the clutter even though the Doppler is separated from the
ground-clutter spectrum but still within the passband of the ZVF. Detection of potential
targets with low or near-zero radial velocity is assisted by the so-called non-coherent
clutter map. The non--coherent clutter map does not discriminate clutters with different
relative spectral widths. Consequently, spectral information of the clutter is not utilized.
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With good modelling information of the ground clutter spectral characteristics as a
function of wind conditions, it is possible to adaptively change the coefficients of the
clutter filter bank so as to optimize the bandwidth of the ZVF and the target-to-noise
ratio for each filter according to the prevailing wind condition. This concept, however, is
likely to have only limited benefits for radar systems employing a mechanically rotating
antenna. The clutter spectrum as observed from a rotating antenna is dominated by the
antenna scanning modulation. With a phased array antenna, however, a greater
improvement in detection performance may be possible, particularly at higher radar
frequencies (X- and S-bands).

(b) Coherent clutter maps.

The coherent clutter map [3] is the simplest way to utilize a priori spectral
information of ground clutter to improve detection performance in resolution cells with a
high coherence factor. A coherent-clutter map is a signal processing scheme whereby a
long-term coherent average of the clutter in each resolution cell is kept in the memory of
the signal processor. The coherent-clutter average from a resolution cell is subtracted
from the instantaneous returns. The result is then passed onto the subsequent signal
processing chain such as a Doppler processor and CFAR. A resolution cell with a high
coherence factor implies that the clutter in that particular cell is stable both in amplitude
and phase. This permits the coherent cancellation of large ground clutter returns without
affecting the target signal even for targets with zero radial velocity. We have observed
that the coherence factor for urban areas is high for most radar frequencies. Since the
clutter coefficient for resolution cells with predominantly urban land cover (buildings) is
usually much higher than those of other land covers, the cancellation of the coherent
component of the clutter from these resolution cells will substantially improve detection
performance for applications such as civil airport surveillance.

Most ground clutter suppression schemes operate on a multi-pulse basis either as
pulse cancelers or as MTI filters. The effectiveness of the coherent ground clutter map
depends on how much the clutter amplitude and phase differ from the stored coherent
map values for a particular resolution cell. The map value can be updated periodically to
accommodate long-term variation in the amplitude and phase. Thus the performance of
coherent ground-clutter map also depends on how fast the clutter decorrelates (both
amplitude and phase) between times of revisit. For most surveillance radars, the time
between revisit is in the order of a few seconds. From what has been observed from our
clutter data, the coherent clutter map will not be effective for X- and S-bands for land
covers other than pure urban areas.

At lower frequencies, the coherent clutter map concept becomes practical even for
land covers other than pure urban areas. In this study, we observed that the coherence
factor of UHF and VHF ground clutter remained high even at high wind speeds.

As in the adaptive clutter filter concept, the coherent-clutter map should be
implemented with a non-mechanically scanned antenna such as a phased array.
However, it is possible to implement a coherent-clutter map in a radar system with
mechanically-scanned antenna. In this case, the magnitude of contiguous returns of a
transmitted pulse train will be modified by the scanning antenna pattern, even though the
scatterers that generate the clutter are stationary. However for a fixed range and
azimuth, this variation may be considered deterministic and can be modelled by an
autocorrelation function.
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In a radar system employing a mechanically-scanning antenna, the transmission of
the pulse train is continuous. This means that there is no unique beginning or ending of a
dwell for a given azimuth. We can, however, divide the circumference into a number of
azimuthal sectors. By choosing the antenna scan rate and the radar PRF appropriately
so that a pulse is transmitted exactly each time an azimuthal sector is revisited by the
radar beam, the radar returns may be organized into subsequences representing the
returns from each resolution cell. A coherent clutter map value is kept for the first return
from each resolution cell together with the corresponding autocorrelation coefficients of
the clutter time series. The coherent clutter estimates for the remaining pulses are
computed from the stored map value and the autocorrelation function of that cell.

(c) Predictive Coherent Clutter Map.

An extension of the coherent clutter map concept is the predictive coherent clutter
map. That is, we analyze ground-clutter spectra for various land covers and wind
conditions. Predictive models are then derived and catalogued from the observed clutter
spectral characteristics. The model will be used to estimate the ground-clutter amplitude
and phase from each resolution cell for the next revisit time, based on past observed
samples. The estimate would be subtracted coherently from the actual return. If the
estimate is accurate, the residual clutter should be significantly lower than the original
clutter sample without affecting target components that may be present. A viable model
is the autoregressive model. The predictive coherent-clutter map concept requires
accurate modelling information.

In addition to accurate modelling information, the prediction of random process
requires adequate sampling (at Nyquist rate). An electronically scanned antenna is more
suitable for implementing the predictive coherent clutter map because its look direction is
not constrained by the mechanical boresight of the antenna. With an electronically
scanned antenna one can have a much more frequent revisit to a resolution cell, thereby
obtaining a higher sampling rate of the clutter process than possible with a mechanically
scanned antenna. More research is needed to determine the feasibility of the predictive
clutter map approach, the achievable performance improvement and the operational
requirements.
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analysis provided additional insights into ground clutter and can be used to develop
signal processing techniques for improved low-velocity target detection in clutter-
limited environments.
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